Featured Application: This study investigates the influence of particle inclusion on the elastic modulus, crushing strength, and 3D foam structure of low-density foam concrete mixtures. The results provide insights into using high-volume fine aggregates or other waste fine particles in low-density foam concrete for its functional applications.
Introduction
Concrete sustainability has emerged as a key theme across modern concrete studies because of the large environmental impact of cement production [1] and natural aggregate exploitation [2] . All three Rs of environmental protection-reduce, reuse, recycle-can be applied in some ways to concrete infrastructure. Recycling concrete from demolished building structures and pavements as aggregates for new constructions represents a strong potential for concrete recycling. While the use of recycled coarse aggregate is well established [3] [4] [5] [6] , the fine fractions in recycled concrete aggregates pose greater challenges for material recycling in new construction [7] [8] [9] . Due to the high heterogeneity of recycled fine aggregate, there are a wide variety of concrete durability concerns, such as water permeability, long-term shrinkage, and alkali-silica reaction, which makes it difficult to recycle the fines in the production of normal concrete for structural purposes.
However, good potential has been seen for using recycled fine aggregate for making controlled low strength materials (CLSM). New ideas about using fine inclusions in foam concrete, which is classified as a low-density CLSM [10, 11] , open new possibilities to accommodate high-volume recycled fines for its functional material applications, such as excavatable landfill, thermal and acoustic isolators, and fire resistant and impact absorbing materials [12] [13] [14] [15] .
Foam concrete is a cellularized cementitious solid made from blending aqueous foam with fresh cement paste. Depending on the volume ratio of the foam, the bulk density of foam concrete typically varies from 0.3 to 1.6 g/cm 3 [16] . Mixtures with density higher than 0.8 g/cm 3 may be applicable for structural applications [12, 17, 18] . At lower densities, the strength of the foam concrete is greatly reduced, and the material exhibits other beneficial properties, being ultra-lightweight, permeable, and crushable. In this study, attention is focused on the functional potential for the ultra-lightweight foam concrete.
Although the use of fine aggregates is seen in some foam concrete studies, most of the investigated foam mixtures are denser than 0.8 g/cm 3 [12, 18, 19] and only a few studies focused on the influence of adding sand into low-density foamed paste [2, 20, 21] . Based on the existing literature, the strength of low-density foam concrete mixtures is sensitive to the inclusion of particles and can be affected by the filler type. It has been reported that foam concrete with fine aggregates shows a greater tendency of shrinkage, and ensuring good curing is critical [12, 22] . It is generally understood that greater sand or particle content reduces the foam stability, which usually causes strength reduction in foam concrete [18, [23] [24] [25] . For most cases, a small amount of inclusion of finer particles results in a higher strength of foam concrete. Fly ash is also considered as a filler in some studies [20, [26] [27] [28] and a favorable effect has been seen with respects to workability and strength; however, the physical and chemical nature of fly ash can be quite different to typical particle fillers. Some discussions on using other recycled fine aggregates in foam concrete are also found in literature [2, 29] .
As a cellular solid, the performance of foam concrete is largely governed by its foam structure [17, 23, [30] [31] [32] . Before implementing recycled fine aggregates in foam concrete, it is pertinent to understand how the cellular microstructure is altered with the inclusion of particles, and how this alters mechanical performance. Given the promise of using recycled fines in ultra-lightweight foam concrete for low strength applications, low-density foam mixture design and processing deserve greater attention by researchers. More knowledge about efficiently incorporating particles into the foam structure is needed for advanced use of recycled fines in foam concrete production.
This study focuses on investigating the effect of adding fine particles to the foam concrete crushing behavior and void structure, where the mixture is considered as a foam-particle composite. Fine river sand was used as a standard filler for studying the influence of particle size and dosage on foam concrete mixtures. A high-volume fly ash replacing 40% cement was designed to further advance the engineering sustainability and to improve the mixture uniformity. All the foam-sand mixtures were designed at a 0.55 g/cm 3 bulk density, with three particle sizes (300, 600, and 850 µm) and at three sand-cementitious weight ratios (0.15, 0.3, and 0.5). The elastic modulus of the samples was measured using a vibrational frequency test. For investigating the crushing behavior of the composite material, a penetration test was conducted. In order to clarify the influence of sand inclusion on the foam structure, micro computed tomography (micro-CT) was further used to characterize the 3D morphology of a subgroup of the samples.
Mixture Design and Sample Preparation
A controlled sample without sand as well as nine mixtures of foam-sand composite samples of different sand ratio (mass ratio between sand and cementitious materials) and sand size were prepared for this study. The detailed information of the mixture design is given in Table 1 , where the mixture naming convention is "sand ratio_sand size". The materials included cement (Essroc Italcementi Group, Type I/II), fly ash (Boral, Class C), water, superplasticizer (Sika, ViscoCrete 2100), an accelerator (Grace, Calcium Chloride 37), a foaming agent (BASF MasterCell 30), and river sand (specific gravity = 2.63). The "300 µm" sand had a size range between 300 to 600 µm, the "600 µm" sand ranged from 600 to 850 µm, and the "850 µm" sand ranged from 850 to 1180 µm. The foam concrete mixture design generally followed ASTM C796 [33] , and the entire mixture preparation was divided into four steps: paste mixing, preparation of aqueous foam, foamed paste mixing, and sand inclusion. For preparing the paste, the mixing protocol followed the standard specified in ASTM C305 [34] . As part of the water was used for foaming, the water available for paste mixing was different across the samples. As such, the superplasticizer was used to maintain the same flowability of the fresh paste for the subsequent mixing. The accelerator was dosed as 8% by weight of cement for better stabilizing of the fresh foamed mixture [16] . A standard aqueous foam was prepared separately by blending water with the foaming agent at a 15:1 ratio. After that, the paste and foam were blended together using a high-speed mixer. During this step, different amounts of aqueous foam were progressively added to the mixture for achieving the target bulk density in different samples. The sieved sand particles were then gently poured into the foamed paste, after which the mixing was extended for 30 seconds to ensure an even final mixture.
All the samples were designed to have the same bulk density of 0.55 g/cm 3 . The paste in all samples was designed with 0.45 water-cementitious ratio (w/cm) and 40% fly ash replacement (by weight of cement). All liquid phase from the aqueous foam and chemical agents was considered for cement hydration when calculating the w/cm ratio. Considering the mixing process involves only using a portion of water for paste mixing, the cement created in the first step has a low w/cm ratio, down to 0.35. From previous experimental tests, mixing of this lower w/cm paste with the foam could not be blended into a homogenous mixture of foam concrete, even when dosed with a high amount superplasticizer. Therefore, a major portion of the cement was replaced with fly ash to obtain a more flowable paste mixture.
Based on previous experimental work, it was observed the foam had void sizes ranging between 400 to 800 µm. Therefore, the three sand sizes used in Table 1 were selected to differentiate the three cases that particles are smaller, within range, and larger than the voids. Since the density of the river sand is higher than the paste, the effective bulk density of the pure foamed paste decreases when the sand ratio increases (see Table 1 ).
For each mixture, three prismatic specimens for the vibrational frequency test (50.8 × 50.8 × 203.2 mm) and three cylindrical samples for the penetration test (101.6 mm diameter by 203.2 mm height) were cast. The cylinder specimens were seal-cured in the mold until testing, while the prism specimens were demolded at 7 days and further cured under the sealed condition. The bulk density of each mixture was also measured at this age. Any sample that showed a deviation from the target bulk density larger than 0.05 g/cm 3 was rejected, and the mixture was recast. The bulk density of the accepted mixtures for testing is shown in Table 1 .
Testing methods

Measurement of Elastic Modulus Using a Vibrational Frequency Test
The influence of sand inclusion on foam concrete elastic modulus was evaluated using the vibrational frequency test as specified by ASTM C215. Feasibility of using this test for measuring the elastic modulus of foamed cement paste has been confirmed in several studies [15, 35] . As the measurement is non-destructive, the three prism specimens of each mixture were repeatedly tested at the age of 7, 14, and 21 days, where the modulus measurement were repeated three times on each specimen during testing. Due to the use of an accelerating admixture, the subsequent increment of the sample modulus was found to be marginal after 21 days and thus negligible. The testing instrument of the elastic modulus measurement included a PCB-352C04 accelerometer, a PCB-482 signal conditioner, and a NI-9171 DAQ for data acquisition. This testing setup yielded a 4 Hz resolution in the frequency spectrum. As suggested by the previous test [35] , the sample elastic modulus was interpreted based on the transverse vibration frequency of the prism specimens.
Measurement of Crushing Behavior Using a Penetration Test
The crushing behavior of the samples was characterized using a penetration test at 7, 14, and 21 days, where one cylindrical specimen was tested per mixture at each age. This test method has been previously used for studying the crushing behavior of foam concrete [15] . For each test, a 47 mm diameter steel rod was vertically displaced into the cylinder specimen at a 75 mm/min rate from the top center, where the loading was controlled using an Instron-4502 testing frame. Due to the 10 kN loading capacity of the load cell used, the maximum indentation stress was 5.7 MPa.
Micro-CT
The microstructure of the materials used in this study was investigated using an Xradia MicroCT (MicroXCT-200). Due to the low sample density, a low-level X-ray energy setting was used for data acquisition. The micro-CT specimens were extracted from the controlled and composite samples of a 0.5 sand ratio. Each specimen was a small pellet of 5 mm diameter, excised from the undamaged section of the parent cylindrical sample after the 21-day penetration test. For consistency, the specimens were extracted roughly at the same location from the mid-depth of the cylinder. The CT scan captured a volume of 5000-µm diameter cross-section by 5000-µm height, with a voxel size of 5 µm. After testing, the micro-CT scans were processed using image analysis software, ImageJ. After segmenting different phases in the mixtures (air void, hydrated cement paste, and sand), the 3D solid foam structure was reconstructed for each sample, where the model represented a smaller volume of 500 × 500 × 500 voxel 3 (2500 ×2500 ×2500 µm 3 ) at the center of the specimens.
Results and discussion
Elastic Modulus of the Samples
The elastic modulus data obtained from the using the vibrational frequency test are summarized in Table 2 and compared in Figure 1 . Each mean value in Table 2 represents the result averaged from nine measurements (3 specimens by 3 repeats). Continuous increase of the elastic modulus was seen for all samples from 7 to 21 days, where the average increase was 7.8% at 14 days and only 2.6% at 21 days. Because of the high accelerator dosage used for mixing, the modulus change of the samples from 14 to 21 days was marginal, indicating that cement hydration in the mixtures was almost complete at 21 days. In terms of standard deviation of the measurements, the samples with a larger sand ratio were less consistent than the others at 7 days but more consistent at the later ages. Figure 1 indicates that elastic modulus decreases for both sand size and sand ratio. The lowest modulus values at all three testing ages are observed with Sample 0.5_850µm, which had the largest sand ratio and sand size. On the other hand, the modulus of Sample 0.15_300µm is quite close to the control sample. The influence of sand ratio from 0.15 to 0.5 is more significant than increasing the sand size from 300 to 850 µm in this case. Although the elastic modulus of the fine aggregate is greater than cement paste, the overall trend indicates that the elastic modulus of the composite samples are much reduced at higher sand ratios. However, similar observations have been reported in the literature [12, 19, 27] . As all samples were designed for the same target bulk density, the effective density of foamed paste is lower in samples with higher sand ratios, as shown in Table 1 , meaning that less cement is available to support the cellular structure in foam concrete. This should be the main influence from sand ratio. Interestingly, the 7-day modulus values of Samples 0.15_300µm and 0.15_600µm are slightly higher than Control, and continue to stay close to Control at the later ages. This relationship, however, is not observed for Sample 0.15_850µm. Thus, a small amount of sand inclusion has a minimal influence, or even a slight improvement, on the elastic modulus of the foamsand composite, but this rule does not hold true when the particle size becomes larger.
The influence of sand size on elastic modulus is not strong in the samples with the 300-and 600-µm sand of 0.15 and 0.3 sand ratios, but an increase in particle size to 850 µm resulted in a substantial reduction for all sand ratios. Seemingly, there is a size threshold between 600 and 850 µm beyond which leads to a marked modulus reduction. It can be noticed that by increasing the sand size, the cellular matrix of the foamed paste loses the ability to support the sand particles within its cellular Figure 1 indicates that elastic modulus decreases for both sand size and sand ratio. The lowest modulus values at all three testing ages are observed with Sample 0.5_850 µm, which had the largest sand ratio and sand size. On the other hand, the modulus of Sample 0.15_300 µm is quite close to the control sample. The influence of sand ratio from 0.15 to 0.5 is more significant than increasing the sand size from 300 to 850 µm in this case. Although the elastic modulus of the fine aggregate is greater than cement paste, the overall trend indicates that the elastic modulus of the composite samples are much reduced at higher sand ratios. However, similar observations have been reported in the literature [12, 19, 27] . As all samples were designed for the same target bulk density, the effective density of foamed paste is lower in samples with higher sand ratios, as shown in Table 1 , meaning that less cement is available to support the cellular structure in foam concrete. This should be the main influence from sand ratio. Interestingly, the 7-day modulus values of Samples 0.15_300 µm and 0.15_600 µm are slightly higher than Control, and continue to stay close to Control at the later ages. This relationship, however, is not observed for Sample 0.15_850 µm. Thus, a small amount of sand inclusion has a minimal influence, or even a slight improvement, on the elastic modulus of the foam-sand composite, but this rule does not hold true when the particle size becomes larger.
The influence of sand size on elastic modulus is not strong in the samples with the 300-and 600-µm sand of 0.15 and 0.3 sand ratios, but an increase in particle size to 850 µm resulted in a substantial reduction for all sand ratios. Seemingly, there is a size threshold between 600 and 850 µm beyond which leads to a marked modulus reduction. It can be noticed that by increasing the sand size, the cellular matrix of the foamed paste loses the ability to support the sand particles within its cellular matrix. Although all three 850 µm samples exhibits lightly lower densities than their counterparts, this difference plays a minor role in the modulus reduction. The lower bulk densities of the 850 µm samples imply that these foam mixtures are less stable during the fresh stage. This issue will be further discussed with the micro-CT evidence later in this paper.
Loading Behavior
The loading behavior of all the samples was investigated using the penetration test at the same testing ages as the vibrational frequency test. A demonstration of the loading responses of the control sample at the three ages is given in Figure 2 , where the indentation stress was calculated by dividing the resistant force by the cross-section area of the cylindrical indenter. A preliminary test has confirmed that the friction between the indenter and sample is so small that such effect is negligible. All the indentation curves of the samples were curtailed on (1) the x axis at 160 mm as further penetration results in boundary effects and (2) the y axis at 5.7 MPa indentation stress as the loading capacity of the testing frame is reached.
The trend of the indentation curve of the samples is consistent with the observation from several other studies on foam concrete [15, 36] and other cellular solids [37, 38] . As the test initiated, the material behaved in a linear-elastic manner with a steep increase of the indentation stress. After reaching a yielding point shortly at a few millimeters, the increment became substantially milder at a roughly constant rate. Due to the geometry of the indenter, the crushing plateau reported in our previous study was not captured in this test [15] ; the material crushing strength, however, can still be quantitatively compared based on the indentation stress at the same indentation depth. In Figure 2 , localized material cracking affected the 14-and 21-day loading curves of the controlled sample at around 30 mm, after which the curves returned to their normal trend lines. These events are considered as anomalies that can be generally neglected, and they were rarely observed in the other samples, as cracks could not propagate effectively in the weaker microstructure.
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The trend of the indentation curve of the samples is consistent with the observation from several other studies on foam concrete [15, 36] and other cellular solids [37, 38] . As the test initiated, the material behaved in a linear-elastic manner with a steep increase of the indentation stress. After reaching a yielding point shortly at a few millimeters, the increment became substantially milder at a roughly constant rate. Due to the geometry of the indenter, the crushing plateau reported in our previous study was not captured in this test [15] ; the material crushing strength, however, can still be quantitatively compared based on the indentation stress at the same indentation depth. In Figure  2 , localized material cracking affected the 14-and 21-day loading curves of the controlled sample at around 30 mm, after which the curves returned to their normal trend lines. These events are considered as anomalies that can be generally neglected, and they were rarely observed in the other samples, as cracks could not propagate effectively in the weaker microstructure. The 7-,14-, and 21-day loading behavior across different samples are compared in Figure 3 . In general, the influence from sand ratio and sand size to the crushing strength follows the same trend as observed from the elastic modulus measurement. Comparing the results among the three ages, the strength gain is smaller for the samples with a larger sand ratio. This phenomenon should be mainly The 7-, 14-, and 21-day loading behavior across different samples are compared in Figure 3 . In general, the influence from sand ratio and sand size to the crushing strength follows the same trend as observed from the elastic modulus measurement. Comparing the results among the three ages, the strength gain is smaller for the samples with a larger sand ratio. This phenomenon should be mainly caused by the reduced cement usage in the high sand ratio samples. The slope of the load curves after the initial yielding is also relevant to inclusion of sand particles. There is a noticeable rise in the curve slopes of the controlled sample and those of a 0.15 sand ratio. As more sand was added into the mixture, this slope change becomes less pronounce. This observation should be associated with the reduced bulk modulus for samples of higher sand ratio, as the stress build-up underneath the indenter develops at a slower rate in weaker samples. This point is generally supported by data from the elastic modulus measurement.
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At a low sand ratio of 0.15, the 7 day loading responses of Samples 0.15_300 µm and 0.15_600 µm are similar to Control, while the indentation stress of Sample 0.15_850 µm is much lower during the entire crushing history. This evidence accords with an earlier study focusing on a higher foam concrete density and with coarser sand [22] , which also shows that higher sand size reduces compressive and flexural strength of foam concrete. As a result of the reduced cement ratio, the indentation strength is consistently diminished for samples of the same sand size but higher sand ratio. At higher sand ratios of 0.3 and 0.5, however, it is still evident that the crushing strength is further reduced when larger sand particles are used. Another important observation is that no matter for which sand ratio, the relative strength reduction between the 850 µm and 600 µm samples is larger than that between the 600 µm and 300 µm samples, implying a profound influence from the 850-µm sand. 
Micro-CT Investigation on the Influence of Particle size
The experimental results from both the vibrational frequency test and the penetration test indicate that sand size affects the material performance of the foam-sand composite samples, especially at the large sand ratio of 0.5. It has been known that the mechanical behavior of cellular solid material is primarily determined by the solid property (e.g., solid modulus) and the morphology of the foam structure (e.g., void size distribution) [13, 18, 23] . In this case, the solid modulus is related to the cement paste and sand; however, this factor remains unchanged under the same sand ratio of 0.5. Therefore, it is more likely that the size of the sand inclusion makes a difference in the foam crushing behavior by affecting the cellular paste matrix.
To study the influence of the inclusion size, the specimens of Samples of 0.5 sand ratio, along with the control sample were further scanned using micro-CT. These samples were selected because they reflected the greatest contrast between the control and composite samples based on the mechanical tests. A sample scan of each sample is shown in Figure 4 , along with the corresponding processed image highlighting the different material phases and a 3D reconstruction showing the foam structure. The 3D reconstruction represents a smaller 2500 × 2500 × 2500 µm 3 volume being extracted from the center of each CT scan. Due to the density difference, the sharp contrast made it easy for segmenting between air void and solid phases, while it was more challenging to separate out the sand particles from the cement paste, as the density of C-S-H solid is close to that of the sand [39] .
To further validate the CT test, the volume fractions of the three phases measured from the 3D reconstruction of each sample were compared with the theoretical values calculated based on the mixture design, as shown in Table 3 . In general, the measurement achieves a decent agreement with the theoretical volume for all four samples, especially the void content. Due to the difficulty of separating the paste and sand, the variation on these two phases is greater. With respect to the composite samples, a greater deviation is observed in Sample 0.5_600 µm, but still within a reasonable range. At a low sand ratio of 0.15, the 7 day loading responses of Samples 0.15_300 µm and 0.15_600 µm are similar to Control, while the indentation stress of Sample 0.15_850 µm is much lower during the entire crushing history. This evidence accords with an earlier study focusing on a higher foam concrete density and with coarser sand [22] , which also shows that higher sand size reduces compressive and flexural strength of foam concrete. As a result of the reduced cement ratio, the indentation strength is consistently diminished for samples of the same sand size but higher sand ratio. At higher sand ratios of 0.3 and 0.5, however, it is still evident that the crushing strength is further reduced when larger sand particles are used. Another important observation is that no matter for which sand ratio, the relative strength reduction between the 850 µm and 600 µm samples is larger than that between the 600 µm and 300 µm samples, implying a profound influence from the 850-µm sand.
To study the influence of the inclusion size, the specimens of Samples of 0.5 sand ratio, along with the control sample were further scanned using micro-CT. These samples were selected because they reflected the greatest contrast between the control and composite samples based on the mechanical tests. A sample scan of each sample is shown in Figure 4 , along with the corresponding processed image highlighting the different material phases and a 3D reconstruction showing the foam structure. The 3D reconstruction represents a smaller 2500 × 2500 × 2500 µm 3 volume being extracted from the center of each CT scan. Due to the density difference, the sharp contrast made it easy for segmenting between air void and solid phases, while it was more challenging to separate out the sand particles from the cement paste, as the density of C-S-H solid is close to that of the sand [39] . To further validate the CT test, the volume fractions of the three phases measured from the 3D reconstruction of each sample were compared with the theoretical values calculated based on the mixture design, as shown in Table 3 . In general, the measurement achieves a decent agreement with the theoretical volume for all four samples, especially the void content. Due to the difficulty of separating the paste and sand, the variation on these two phases is greater. With respect to the composite samples, a greater deviation is observed in Sample 0.5_600 µm, but still within a reasonable range. In terms of the spatial distribution of sand, the 3D reconstruction shows that no particle agglomeration in the inspected volumes and these mixtures are generally homogeneous. The segmentation images in Figure 4 confirm the increment on sand size from Sample 0.5_300 µm to 0.5_850 µm. Since the amount of sand inclusion was identical across the three samples, the sand population declines with the particle size. Seemingly, the sand particles in Samples 0.5_300 µm and 0.5_600 µm are more included in the cement paste, but those in Sample 0.5_850 µm are less confined by the cellular matrix.
Regarding the air void size, Sample Control in Figure 4a has the smallest voids among the four samples. This difference is mainly caused by the lower effective density of the foamed paste in the composite samples (see Table 1 ), and thus less confinement to the air bubbles in fresh cement paste before setting. These larger voids can be partly attributed to the presence of sand as well, as the interaction between the solid sand particles to the soft air bubbles reduces the stability of the foamed paste during mixing [17, 23, 32] . Another observation is that the sand particles in Samples 0.5_300 µm (Figure 4b ) and 0.5_600 µm (Figure 4c ) are smaller than the large air voids in the cellular matrix; however, the particle size is evidently larger in Sample 0.5_850 µm (Figure 4d ). This difference may be relevant to the greater drop on elastic modulus and crushing strength of samples with the 850 µm sand.
To compare the void systems of the four samples quantitively, their void size distributions were extracted from the 3D reconstructions, as shown in Figure 5 . As the air voids that are intersected by the model boundary does not reflect the actual void size, those intersected voids were not counted for the statistical analysis. As a result, the effective model volume was different for each sample. This artifact was compensated by renormalizing the effective model volume back to 2500 × 2500 × 2500 µm 3 . A back calculation using the normalized distributions confirmed that the deviation to the actual bulk density of each sample was less than 5%. In the four specimens, voids larger than 800 µm were not observed, which is generally in agreement with the visual inspection. Possibly, air bubbles larger than this size cannot be sufficiently confined by the fresh mixture during mixing.
According to Figure 5a , the log-scaled void population of Sample Control reduces rather linearly as a function of void size. As suggested by the other three samples, the sand inclusion results in fewer small voids and an increase of large voids. This point is better reflected in Figure 5b , as the volume distribution progressively moves to bigger voids with larger sand added. Since a standard aqueous foam was used for casting all mixtures and the only difference was the volume of foam added, ideally, the normalized void size distribution should not shift across different samples. Therefore, the influence on void size distribution must be induced by either the foamed paste or/and the particle inclusion before setting. Figure 5a shows that the overall distributions of Samples 0.5_300 µm and 0.5_600 µm are close to the controlled sample from 100 to 450 µm but consistently higher at larger sizes. The remarkable reduction at 50 µm can be mainly attributed to the diminished stability of small air voids, which have a higher tendency of merging under the reduced paste confinement. Based on the gradual rightward shift of the three distributions in Figure 5b , the larger sand seems to further induces formation of larger voids at the expense of smaller ones. According to Figure 5a , the log-scaled void population of Sample Control reduces rather linearly as a function of void size. As suggested by the other three samples, the sand inclusion results in fewer small voids and an increase of large voids. This point is better reflected in Figure 5b , as the volume distribution progressively moves to bigger voids with larger sand added. Since a standard aqueous foam was used for casting all mixtures and the only difference was the volume of foam added, ideally, the normalized void size distribution should not shift across different samples. Therefore, the influence on void size distribution must be induced by either the foamed paste or/and the particle inclusion before setting. Figure 5a shows that the overall distributions of Samples 0.5_300 µm and 0.5_600 µm are close to the controlled sample from 100 to 450 µm but consistently higher at larger In comparison, the 850-µm sand has a more profound impact on the void distribution. According to Figure 5a , the void population is dramatically reduced before 300 µm and consistently increased beyond 400 µm. In correspondence, its void volume is concentrated at a larger size in Figure 5b . This significant change on the void system can be only reasonably associated with the fact that the 850 µm sand is much larger than the air voids in the sample. Prior studies have reported that the aqueous foam system tends to be more influenced when the inclusion size becomes larger [22, 32] . Thus, the void stability in Sample 0.5_850 µm is more diminished than those with smaller sand, leading to the most degenerated foam structure among all four samples. This explanation is also well supported by the experimental results of Sample 0.5_850 µm on elastic modulus as shown in Figure 1 , and crushing strength as shown in Figure 3 , as well as the other 850-µm sand samples. Therefore, during material design, special attention should be given to control the maximum particle size when any inclusion is used in foam concrete mixtures.
Conclusions
This study investigated the influence of sand size and sand content on the mechanical properties of a group of 0.55 g/cm 3 foam concrete mixtures, for which higher sand ratio corresponds to less cement usage and lower density of the foamed paste. The test results of elastic modulus from the vibration frequency test and loading response from the penetration test suggest a strong influence from the material modulus to the crushing behavior of the foam-sand composite. At a small sand ratio of 0.15, the modulus and crushing strength between the controlled and composite samples are very close and even slightly higher when the 300-and 600-µm fine sand were used; the inclusion of the large 850-µm sand, however, caused significantly diminished results for both tests. Under higher sand ratios, the lower effective foamed paste density results in progressively inferior material performance, and the influence from the inclusion size becomes secondary.
In addition to the mechanical tests, the micro-CT scan indicates that the air voids in the composite mixtures are generally enlarged, which is mainly attributed to the reduced paste confinement. Furthermore, increasing the sand size diminishes the stability of small air voids and induces formation of larger voids. This size impact is most profound when the sand particles are larger than the voids.
As a general rule, it is recommended that low-density foam concrete should be designed with a relatively low volume of particles to avoid compromising mechanical performance. Preferably, fine-graded particles should be used to maintain a good foam stability. Due to this direct influence from the sand size to the foam stability, special attention should be paid to the particle dimension and void size of the foam during the mixture design when using particle inclusions in foam concrete. 
